The adaptive hypothesis that an obese-prone genotype confers a fitness advantage when challenged with food restriction and food-related locomotion was tested using a rat model. Juvenile (35-40 days) and adolescent (45-50 days) JCR:LA-cp rats, obese prone (cp/cp) and lean prone ( þ /?), were exposed to 1.5 h daily meals and 22.5 h of voluntary wheel running, a procedure that normally leads to self-starvation. Genotype had a dramatic effect on survival of rats when exposed to the challenge of food restriction and wheel running. Although similar in initial body weight, obese-prone juveniles survived twice as long, and ran three times as far, as their lean-prone counterparts. Biochemical measures indicated that young obese-prone animals maintained blood glucose and fat mass, whereas lean-prone rats depleted these energy reserves. Corticosterone concentration indicated that obese-prone juveniles exhibited a lower stress response to the survival challenge than lean-prone rats, possibly due to lower energy demands and greater energy reserves. Collectively, the findings support the hypothesis that an obese-prone genotype provides a fitness advantage when food supply is inadequate, but is deleterious during periods of food surfeit, such as the energy-rich food environment of prosperous and developing societies worldwide. Keywords: adaptation; food restriction; wheel running; genotype; survival Obesity is portrayed as a weight disorder with negative connotations of susceptibility to diabetes, 1 the metabolic syndrome, 2 heart disease 3 and cancer(s). 4 The modern clinical perspective links obesity to poor health, a shortened life span and to many sociopsychological and lifestyle disorders. An evolutionary perspective, in contrast, views obesity as resulting from variation in genotype and an environment with high-energy-dense food(s). One possibility is that the obese-prone genotype is nonadaptiveFresulting from a coincidence of genetic drift and the high-energy foods of modern humans.
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An evolutionary perspective, in contrast, views obesity as resulting from variation in genotype and an environment with high-energy-dense food(s). One possibility is that the obese-prone genotype is nonadaptiveFresulting from a coincidence of genetic drift and the high-energy foods of modern humans. 5 Alternatively, the obese-prone genotype may be a consequence of adaptation, and obesity is a phenotypic expression of an interaction between genotype (obese-prone vs lean-prone) and environment (high-/lowenergy food supply). The 'thrifty gene' theory of obesity is one form of the adaptive hypothesis. The theory explains how genes favor the efficient use of energy stores in times of feast followed by famine, and result in obesity in the food-rich environment of prosperous societies. 6, 7 Our formulation of the adaptive hypothesis proposes that the obese-prone genotype confers an advantage under conditions of unpredictable changes in food supplyF allowing for storage and conservation of energy and increased foraging during periods of food depletion. In the laboratory, rats on food restriction with the opportunity to (wheel) run show activity anorexiaFa vicious cycle of suppressed food intake, declining body weight and escalating wheel activity leading to starvation and death. 8, 9 Compared with lean strains, rats from an obese-prone strain survive longer and show less reactivity to food restriction and wheel running. 10 Food restriction and intense mobility trigger the hypothalamic-pituitary-adrenal (HPA) axis stress response, increasing hypothalamic CRF expression and circulating concentrations of corticosterone. 10 However, the relationship between the HPA axis and increased physical activity associated with food restriction remains unclear 11 and has not been investigated within a single congenic strain of rats that carry an obese-prone allele. We chose the JCR:LA-cp strain with the autosomal recessive cp gene, resulting from the Tyr763Stop mutation for the leptin receptor. 12, 13 Obese-prone (cp/cp) rats, lacking the ObR leptin receptor, were compared with intact lean-prone ( þ /?) congenics to determine if the genotype difference provides a survival advantage to the challenge of diminished food supply and food-related physical activity. Differences in the HPA axis stress response in the two genotypes also were investigated. We assumed that the 12 juvenile (35-40 days old) rats were more representative of the genotype difference (cp/cp vs þ /?) than the 12 adolescents (45-50 days old), based on juveniles having similar body weights. At each age, half the rats were obese prone (cp/cp) and half were lean prone ( þ /?). Rats were housed singly for 10 days of acclimatization on a reverse light cycle (light off at 0800 hours) with free access to food (Lab diet 5001; PMI Nutrition International, Brentwood, MO, USA) and water. We exposed all rats to 1.5 h of feeding per day followed by 22.5 h of voluntary wheel running. Rats were removed from the protocol when body weight reached 75% of initial weight (starvation criterion) or on day 15 of the protocol (survival criterion). Body weight, food intake and wheel turns were measured daily. Biochemical determinations were carried out on blood samples from the tail tip during the study and by cardiac puncture on completion of the study.
Genotype had a dramatic effect on survival. Figure 1a depicts the number of days that obese-prone and lean-prone rats survived by age. The body weights of juvenile (but not adolescent) obese-prone and lean-prone rats were similar before the challenge (Figure 1c ). However, obese-prone juvenile rats survived twice as long as their lean-prone counterparts, Po0.01. Most obese-prone adolescent rats in the challenge survived to day 14 (83%) whereas adolescent lean-prone rats all starved by day 6 (Po0.001). Figure 1b indicates that obese-prone juvenile rats ran three times as far as lean-prone rats, despite running at a similar daily rate on comparable days (juvenile lean prone ¼ 3402 ± 567 and juvenile obese prone ¼ 3464 ± 378 m per day). Adolescent rats showed similar patterns of wheel running by genotype Before the challenge, obese-prone rats ate more than leanprone, but not after challenge (meal restricted; Figure 1d ). We measured plasma triglyceride (TG) concentration as an index of available energy resources. The TG concentration of lean-prone juvenile rats was reduced by 77% after the challenge whereas the TG concentration of obese-prone juveniles reduced by only 35% (Table 1) . Notably, TG concentration was predictive of the number of days lasted in the challenge (r ¼ 0.79; P ¼ 0.001). We used plasma corticosterone concentration as an index of physiological stress. Obese-prone juvenile rats had lower plasma corticosterone concentrations after the challenge compared with lean-prone juveniles, emphasizing the effect of genotype (Po0.001; Table 1 ). Adenocorticotropin hormone concentration was also measured, but not altered by the challenge. Before the challenge, plasma leptin concentrations were higher in obese-prone rats relative to lean-prone rats. After the challenge, leptin concentrations were depleted in the lean-prone juvenile rats (Table 1) . Interestingly, insulin concentrations decreased in both juvenile lean-and obeseprone rats after the challenge, consistent with an exercise effect. The decrease in insulin was accompanied by a significant decrease in blood glucose in lean-prone juveniles but not obese-prone rats (Table 1) .
Our findings support the adaptive hypothesis of obesity. Obese-prone, cp/cp, rats gain a survival advantage over lean-prone ( þ /?) congenics when confronted with the food restriction-wheel running challenge. Juvenile obese-prone rats survived approximately twice as long as lean-prone juveniles, even though initial body weight did not differ before the challenge. In additional ongoing studies, we have found a sixfold difference in total white adipose tissue between juvenile cp/cp and þ /? types of similar body weight before the challenge; observations at the end of the challenge indicate that the fat mass of lean-prone juveniles is depleted but not in obese-prone rats. Previous research 10 has indicated that initial fat mass (not final) can predict days lasted in a similar challenge and governs the proportion of lean and fat reserves mobilized during starvation. 14 The result of our study show that initial TG concentration, a correlate of white adipose tissue, predicts survival with cp/cp juveniles having higher initial TG concentrations than their lean-prone counterparts. Consistent with this, we observed a depletion of white adipose tissue and loss of leptin regulation in juvenile lean-prone rats but not in obese-prone juveniles. During food restriction, we found that the daily wheel running of juvenile cp/cp rats was similar to lean-prone juveniles, but the young cp/cp rats maintained this pace for almost twice as long. In the natural world, the obese-prone genotype would have adaptive value, allowing animals to search for food over larger distances and increasing the likelihood of contact with a stable food source. Results for corticosterone concentration support previous findings that food restriction and wheel running activate the HPA axis and this response depends on genotype. 15 JCR:LA-cp obese-prone rats show a lower stress response to restraint than lean-prone rats. 16 In this study, the lower stress response of these rats allowed them to sustain food-related travel without depleting energy stores. High stress usually induces lipolysis and protein catabolism, 15 reducing energy resources. Obese-prone rats also showed stable glucose concentrations, which may have contributed to their low stress response, as increases in glucose normally stimulate the HPA axis. 17 One possibility is that stable high-glucose levels reduce energy demands and thereby lower HPA axis reactivity induced by chronic food restriction and foodrelated locomotion.
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We conclude that the survival of the cp/cp genotype relates to the Try763Stop mutation and the absence of the ObR leptin receptor, causing an impaired system of energy balance, high storage of body fat and low HPA axis reactivity. The altered energy regulation of cp/cp rats is linked to overeating when food is plentiful, as animals build fat reserves that are mobilized during periods of diminished food supply. Greater fat stores modulate lower HPA axis reactivity, allowing for prolonged food-related travel when food is scarce. 19 Our findings suggest that the cp/cp genotype had an evolutionary adaptive function when animals faced limited access to food supply and an opportunity for food-related travel. Given free access to food, JCR:LA-cp obese-prone (cp/cp) rats overeat and develop obesity, the metabolic syndrome, and heart disease. 13 Notably, lean-prone rats ( þ /?) did not survive the challenge of food restriction and wheel running. The lean-prone genotype, however, shows regulated eating, moderate body weight and a healthy cardiovascular profile in a free-food environment. 13 These observations indicate an interaction between genotype and feeding environment. In humans, variation in a single nucleotide polymorphism defines leptin-receptor genotypes associated with serum levels of leptin, body mass index and fat mass. 20 A possibility is that these genotypes interact with human consumption of energy-dense food, increasing worldwide obesity. One strategy is to identify early markers for the obese-prone genotype, allowing targeted interventions at a young age. Global obesity might be reduced more effectively by promoting small portion meals combined with daily bouts of prolonged physical activity to obese-prone youngsters than by advocating healthy eating habits and wise food selection for these children.
